Running title: Single cell RNA-seq analysis of hemangiogenic lineage development
Recent single cell RNA-sequencing (scRNA-seq) studies of early stages of embryos or human embryonic stem (ES) cell-derived embryoid bodies (EBs) provided unprecedented information on the spatiotemporal heterogeneity of cells in embryogenesis [1] [2] [3] [4] [5] [6] [7] [8] . Nonetheless, these snapshots offer insufficient information on dynamic developmental processes due to inadvertently missing intermediate states and unavoidable batch effects. Blood and endothelial cells arise from hemangiogenic progenitors that are specified from FLK1-expressing mesoderm by the transcription factor ETV2 9, 10 . To delineate the entire transcriptome dynamics from pluripotency to hemangiogenic lineage, we performed scRNA-seq of mouse ES cells in asynchronous EB differentiation. We found the exit from naïve pluripotency and hemangiogenic program activation were the two major transitions in the trajectory, while the intermediate gastrulation stages were gradually specified by 'relay'-like highly overlapping transcription factor modules. Unexpectedly, we found smooth muscle lineage might be the 'default' fate of FLK1 mesoderm, from which ETV2 initiates the hemangiogenic commitment.
We also identified cell adhesion signaling required for ETV2-mediated activation of the hemangiogenic program. This continuous transcriptome map will benefit both basic and applied studies of mesoderm and its derivatives. they are to some extent 'primed' for paraxial mesoderm, which generates tissues like skeletal muscles and cartilage, and might represent an ancestral state for both FLK1 lateral plate mesoderm and paraxial mesoderm. The cardiac lineage branched out largely from the Pdgfra + Flk1early mesoderm population, and partially from Flk1 + mesoderm ( Fig. 1H-K) , consistent with the previous lineage tracing report that cardiomyocytes partially derive from FLK1 + mesoderm 12 . Cells upstream of the early mesoderm down regulated the naïve pluripotency marker Zfp42, and up regulated the primitive streak marker T/Brachyury, indicating the initiation of gastrulation (Fig. 1K) . These results suggested that our populations covered a continuous process from pluripotency to Flk1 + mesoderm and hemangiogenic lineage.
To examine the dynamics of the loss of pluripotency and the bifurcation of mesoderm and endoderm fates, we picked out clusters 4, 5, 8, 9, 11 and 17 (Fig . 1D ) and re-clustered the cells based on 163 most differentially expressed genes among these clusters ( Fig. 2A, 2B ). A narrow "path" from Utf1-expressing pluripotent population leads to the Sox17-expressing endoderm (red dash line-surrounded region, Fig. 2A ), next to the sprouting Mesp1 + early mesoderm. We ordered cells in this path into a pseudo-time development line and examined the kinetics of 163 most differentially expressed genes ( Fig. 2B ). It is suggested that pluripotency is maintained in two states: the 'naïve' and the 'primed' 13 . The former reserves better pluripotency and highly expresses Zfp42/Rex1; while the latter loses Zfp42 expression and maintains a balanced state from diversified differentiation cues, marking an early stage of gastrulation/mesendoderm 13 . At the beginning of the endoderm differentiation trajectory, we observed an exit from naïve pluripotency ( Primitive streak markers such as T and Fgf5 were up regulated in cells exiting from the naïve pluripotent state and entering the mesendoderm stage ( Fig. 2A, 2B ). Shortly after, the endoderm and mesoderm lineages bifurcated. Fgf5 expression became more enriched in endoderm, while T expression was exclusively enriched in mesoderm ( Fig. 2A ). Gata6 and Gsc were expressed in both mesoderm and endoderm, while more extensively expressed in the latter. Most cells in the endoderm branch were separated from the trunk, with very few WNT signaling antagonist genes, and Cer1, encoding a BMP4 antagonist, were extensively up regulated throughout the endoderm population ( Fig. 2B, 2D ), implicating that active exclusion of WNT and BMP4 signaling is important for endoderm establishment. Consistently, a mesendoderm gene module, represented by T, and primed Mesp1 expression, were terminated in the endoderm population ( Fig. 2B, 2D ). The cell surface markers Cd24a, Epcam and Cldn7 were up regulated early in differentiation, while becoming more extensively expressed in the committed endoderm ( Fig. 2B, 2D ).
Next, we retrieved a continuous process of hemangiogenic lineage development by manually choosing the populations on the shortest path from the naïve pluripotent state to the hemangiogenic branch and re-constituted a fine developmental route ( Fig. 3A) . A group of Flk1-expressing cells achieved the highest level of Etv2 expression, followed by dramatic up regulation of the ETV2 target genes, Tal1(Scl) and Gata2, confirming that the threshold-level of Etv2 expression is necessary for hemangiogenic lineage specification 9 (Fig. 3A) . We Due to intracellular noises and microenvironment influences, gene expression within individual cells keeps fluctuating. scRNA-seq analysis offers an opportunity to utilize this luxuriant gene expression heterogeneity to assess a regulatory network. We previously reported that Etv2 expression above a threshold-level is essential to activate hemangiogenic genes 9 . We confirmed this at a single cell endogenous mRNA level ( Fig. 4A ). Importantly, we noticed that upregulation of ETV2 target genes soon became extremely steep after the Etv2 threshold expression level was achieved. We explored potential genes required for Etv2 to trigger this sensitive switch by examining potential upstream regulators of Tal1 and Lmo2, two ETV2 direct target genes that are critical for establishing the hemangiogenic lineage 15, 16 .
First, we assumed that the possibility of gene A-expressing cells while simultaneously expressing gene B is correlated with the dependence of gene A expression on gene B (Fig.   4B , see methods for more details). From the population where ETV2 starts to activate hemangiogenic genes (population 12 in Fig. 3A) , we assessed the possibility of a given gene being required for Tal1 or Lmo2's expression ( Fig. 4C, 4D ). Etv2 and Kdr/Flk1 lie at the top of the list of genes required for Tal1 or Lmo2 expression ( Fig. 4C , 4D, supplemental Table 2 ), consistent with the finding that VEGF-FLK1 signaling ensures Etv2 threshold expression to activate hemangiogenic genes 9 . The comparison of the top 100 genes required for Tal1 expression and the top 100 required for Lmo2 expression generated 66 in common, of which 22 were annotated to cell adhesion-related signaling ( Fig. 4E , highlighted in supplemental Table 2 ). Most of these 22 genes were already highly expressed before entering the hemangiogenic stage ( Fig. 4F ). To test if local cell adhesion signaling is required for Etv2mediated hemangiogenic gene activation, we utilized doxycycline (DOX)-inducible Etv2expressing ES cell line 17 . Since extracellular matrix/cell adhesion signaling converges on the SRC kinase 18 , we added SRC inhibitor PP2 to day 3 EBs, while simultaneously inducing exogenous ETV2 protein expression. After 24 hours, as expected, DOX-induced Etv2 expression greatly enhanced the FLK1 + PDGFRahemangiogenic population 17 . Remarkably, Inhibition of SRC using PP2 was sufficient to reduce Etv2 overexpression-induced hemangiogenic lineage skewing ( Fig. 4G ). Given that cell adhesion is necessary for gastrulation as well 19 , it was possible that PP2 affected earlier stages rather than directly affecting ETV2's function. To minimize this possibility, we ectopically induced Etv2 expression in undifferentiated ES cells, where endogenous Etv2 level is ignorable and exogenous Etv2 can induce Flk1 expression 9 . It has been established that reciprocal activation between Etv2 and FLK1 signaling is an important mechanism for hemangiogenic fate determination 9 . Exogenous Etv2 expression induced more than 3% of FLK1-positive cells in undifferentiated ES cells, while this ratio was significantly reduced by the PP2 treatment ( Fig. 4H ). These results suggest that cell adhesion signaling regulates ETV2mediated hemangiogenic fate specification. These two clusters of genes were not further up regulated in the hemangiogenic branch. In contrast, only a small cluster of genes was exclusively up regulated after cells entered the smooth muscle branch (gene cluster a). These results suggest that smooth muscle lineage could be the default fate of FLK1 mesoderm.
We zoomed into the populations 0, 3, 10, 12 and 13 in Fig. 1C , corresponding to the bifurcation of hemangiogenic and smooth muscle fates ( Fig. 5D ). BMP4 can enhance smooth muscle development 22 . Bmp4 was dramatically up regulated in the smooth muscle branch (from black to orange), but not in population 12 (green), where Etv2 starts to specify hemangiogenic fate ( Fig. 5D ). Hand1 and Foxf1 were dramatically down regulated in population 12 compared to the upstream population 3, implying an active repression of them by Etv2 (Fig. 5E ). Consistently, by analyzing Wareing and colleagues' work 23 we found that re-expression of Etv2 in Etv2-knockout EBs inhibited expression of Hand1 and Foxf1 (Fig.   5F ). These results suggest that Etv2 represses the default smooth muscle program when specifying the hemangiogenic lineage from FLK1 mesoderm.
The lineage relationships among cardiac, smooth muscle, skeletal muscle, and hemangiogenic tissues concerning FLK1 mesoderm remain elusive. Our single cell transcriptome profiling of EB cells representing a continuous differentiation trajectory revealed that the cardiac branch partially overlaps with Flk1 + mesoderm, while largely segregates out from Pdgfra + Flk1early mesoderm. An unexpected finding is that the smooth muscle and hemangiogenic lineages have the closest developmental relationship and directly bifurcate from a common group of Flk1-expressing cells. Importantly, most Flk1 + mesoderm stage markers were further up regulated in the smooth muscle branch, suggesting that smooth muscle might be a default fate of the Flk1-expressing mesoderm. We propose that Etv2 drives the branching of the hemangiogenic lineage from the smooth muscle fate.
Expression of cell adhesion signaling seems required for ETV2 target gene activation for hemangiogenic lineage specification. Consistently, inhibition of SRC, a kinase important for cell adhesion signaling, was sufficient to repress hemangiogenic lineage skewing induced by Etv2 overexpression. Meanwhile, critical smooth muscle transcription factors, Hand1 and Foxf1, become actively down regulated. Notably, neither Hand1 nor Foxf1 are direct ETV2 target genes 16 . It will be critical in the future to explore how this repression is achieved.
Hemangiogenic lineage development can be clearly annotated by a series of transcription factor modules, therefore providing strong molecular support for current definition of early embryo developmental stages (Fig. 3C) . Cells in the gastrulation stages after exiting In summary, our work described a continuous process of mesoderm development leading to hemangiogenic lineage emergence and the underlying molecular networks, thereby providing comprehensive information on early embryo and blood/endothelium development. These are fundamental for the study of basic cell fate determination and gene network structures, also for designing more effective strategies to generate hematopoietic and endothelial cells for regenerative medicine.
Methods

Mouse ES cell culture and differentiation
Mouse ES cells were maintained and for EB differentiation in serum as previously reported 9 .
Briefly, ES cells were maintained on mouse embryo fibroblast (MEF) feeder cell layers in 
Single cell RNA-seq and data analysis
Day 4 EBs were dissociated with Accutase solution (Sigma). Single cell suspension at 300 cells/µL were subjected to the Chromium 10X Genomics library construction and HiSeq2500 sequencing (The Genome Technology Access Center, Washington University in St. Louis). The sequenced reads were mapped to the GRCm38 assembly using Cell Range 2.0.1 (10x Genomics). The output was imported into Seurat 1.4 24 , and genes expressed in at least 3 cells were kept for analysis. Cells with more than 5% mitochondria reads or less than 2000 unique genes detected were filtered out. 1848 cells were kept for further analysis, which had 4373 genes/27272 unique mRNAs detected per cell in average. The remaining cells were clustered into 18 populations, based on the expression of 427 most variable genes. Cells in selected populations were imported into Monocle 2 25 for re-clustering, PCA plotting and pseudo-time ordering. For hierarchical clustering and heatmap plotting of selected genes or cells, the R package 'pheatmap' was used. All scRNA-seq data analyses were finished in R environment.
To identify genes required for ETV2-target gene activation, we assumed that if gene B is required for gene A expression, then in a cell where gene A is expressed gene B should also be expressed. In a population, more gene A expressing-cells have gene B expression, it is more likely that gene B is required for gene A expression. In fact close gene-gene correlations can root from three possibilities, take Tal1 as an example: 1) gene x lies upstream of Tal1 and is required for its expression, 2) gene x is TAL1's target, 3) both gene x and Tal1 are ETV2's target, thus respond to ETV2 in a similar way. In the population we chose whereTal1 just starts to be expressed, it is not likely that TAL1activates its own target genes yet, therefore reduces possibility 2. We can refer to a gene's expression pattern in the differentiation trajectory to test possibility 3. In fact, most of the genes tightly following Tal1 and Lmo2 were already extensively activated before ETV2 starts to function.
Microarray data analysis
Wareing and colleagues' microarray data 23 was re-analyzed using the Expression Console software (Affymetrix).
Gene functional annotation
Gene funcitonal annotation was performed using Metascape (http://metascape.org/gp/index.html) 26 .
Flow cytometry
Single cells were incubated with a-mouse FLK1 (BioLegend) and a-mouse PDGFRa (BioLegend). Data were acquired on LSR-Fortessa flow cytometer (BDbiosciences) and analyzed using the FlowJo (Treestar) software.
Statistical analysis
The results of flow cytometry were analyzed using Students' t test. P < 0.05 was considered significant. 
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